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Abstract. The upper Cenomanian – lower Turonian is a key-stratigraphic interval, as it encompasses the
Late Cretaceous supergreenhouse and a major perturbation of the global carbon cycle (i. e., Oceanic Anoxic
Event 2) as evidenced by a global positive carbon isotope excursion and by the nearly world-wide deposition
of organic-rich marine facies. A turnover in planktonic foraminiferal assemblages and in other marine organ-
isms is documented across this stratigraphic interval, but reconstruction of the timing and identification of
the cause and effect relationships between environmental perturbations and organism response require a high-
ly-resolved stratigraphic framework. The appearance and extinction levels of planktonic foraminiferal species
generally allow accurate intra- and supra-basinal correlations. However, bioevents cannot be assumed to be
globally synchronous, because the stratigraphic and geographic distribution of species is modulated by eco-
logical preferences exhibited by each taxon and controlled by oceanic circulation, often resulting in earlier
or delayed events in certain geographic areas (i. e., diachronous datums). The aim of this study is to test the
synchronicity of the planktonic foraminiferal bioevents recognized across the C/T boundary and to provide
the most reliable sequence of events for correlation of low to mid-latitude localities. For this purpose, we have
compiled a highly-resolved biostratigraphic analysis of the European reference section for the C/T boundary
at Eastbourne, Gun Gardens (UK), and core S57 (Tarfaya, Morocco), and correlated the sequence of bioevents
identified with those recorded in other coeval sections available in the literature, including the GSSP section
for the base of the Turonian Stage at Rock Canyon, Pueblo (Colorado), where we calculated reliable estimates
of planktonic foraminiferal events that are well-constrained by radioisotopically and astrochronologically
dated bentonite layers. Results indicate that the extinctions of Thalmanninella deeckei, Thalmanninella
greenhornensis, Rotalipora cushmani and “Globigerinelloides” bentonensis in the latest Cenomanian are
 reliable bioevents for correlation. In addition, our analysis highlights other promising lowest occurrences
(LOs) that need to be better constrained by bio- and chemostratigraphy, including the LO of Marginotruncana
schneegansi falling close to the C/T boundary. By contrast, the appearance of Helvetoglobotruncana helvetica
and of some Dicarinella species, the extinction of anaticinellids and the onset of the “Heterohelix” shift are
likely diachronous across low to mid-latitude localities. Finally, our study suggests that different species con-
cepts among authors, different sample size and sampling resolution, as well as species paleoecology are im-
portant factors that control the stratigraphic position at which bioevents are identified.
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1. Introduction
The Cenomanian–Turonian boundary interval (Late
Cretaceous) represents one of the most interesting
case-studies for investigating the evolution of the ma-
rine biota under the intense environmental perturba-
tions that occurred during Oceanic Anoxic Event 2
(e. g., Schlanger and Jenkyns 1976, Scholle and Arthur
1980, Schlanger et al. 1987). In fact, OAE 2 is globally
recognized as a time of increased sea-surface produc-
tivity under greenhouse climate conditions interrupted
by a brief cooling episode (i. e., the “Plenus Cold
Event”, see Gale and Christensen 1996, Forster et al.
2007, Sinninghe Damsté et al. 2010, Jarvis et al. 2011,
Jenkyns et al. 2017, Kuhnt et al. 2017) that may cor -
respond to rising sea level and to a re-oxygenation
event of bottom waters in the Western Interior Seaway
(WIS) (i. e., the “Benthonic Zone”: Eicher and Wor -
stell 1970, Eicher and Diner 1985, Leckie 1985, Elder-
bak and Leckie 2016). Across OAE 2, planktonic fora -
miniferal assemblages underwent a substantial turn -
over due to the extinction of the single-keeled rotali-
porids with umbilical supplementary apertures (genera
Rotalipora and Thalmanninella) and to the appearance
and progressive diversification of double-keeled taxa
(genera Dicarinella and Marginotruncana), that dom-
inated the assemblages until the Santonian (Robaszyn-
ski et al. 1990, 1993, Premoli Silva and Sliter 1999,
Leckie et al. 2002, Petrizzo 2002, Falzoni et al. 2013,
2016a, Petrizzo et al. 2017). However, correlating
stratigraphic sequences, discriminating global from
 local signals, and reconstructing the cause and effect
relationships between environmental changes and or-
ganism response require a reproducible and highly-
 resolved stratigraphic framework. Unfortunately, the
C–T boundary interval lacks magnetostratigraphic
control, since it is within the Cretaceous Normal Su-
perchron (e. g., Gradstein et al. 2012). Nevertheless,
this interval is accompanied by a ~ +2‰ to 4‰ excur-
sion in both the δ13Ccarb and δ13Corg resulting from the
burial of organic matter during OAE 2 (e. g., Jenkyns
2010). The shape of the δ13C profile with its typical
peaks and troughs represents one of the most repro-
ducible features of this stratigraphic interval, as it is
synchronously registered in the marine and continental
records, and it represents a powerful tool for global
correlation (e. g., Pratt and Threlkeld 1984, Arthur et
al. 1987, Tsikos et al. 2004, Jarvis et al. 2006, 2011,
Jenkyns 2010, Joo and Sageman 2014).
Planktonic foraminiferal bioevents are routinely ap-
plied to correlate pelagic and hemipelagic successions,
and their contribution to implement the accuracy and
resolution of the Geologic Time Scale has been par -
ticularly important since the Early Cretaceous (e. g.,
Bralower et al. 1995, Premoli Silva and Sliter 1995,
Caron et al. 2006, Coccioni and Premoli Silva 2015).
However, despite the wide distribution of this group of
pelagic organisms, each living/fossil species possesses
ecologic preferences that may control its geographic
and stratigraphic distribution. Consequently, plank -
tonic foraminiferal bioevents cannot be assumed to be
globally synchronous and their reliability for correla-
tion requires testing with other relative dating tech-
niques. For instance, the identification of the Ceno-
manian/Turonian boundary based on planktonic fora -
miniferal events only is problematic. In fact, the base
of the Turonian Stage is formally defined by the lowest
occurrence (LO) of the ammonite Watinoceras devo-
nense at the GSSP section at Rock Canyon, Pueblo,
Colorado (Kennedy et al. 2000, 2005). However, am-
monites are often rare or absent in hemipelagic and
pelagic successions, thus the identification of the C/T
boundary in the absence of the primary marker is
based on secondary bioevents, including the LO of
Helvetoglobotruncana helvetica among planktonic
foraminifera. However, the appearance of H. helvetica
is known to be an unreliable event to approximate the
base of the Turonian because of its diachronous occur-
rence, rarity in the lower part of its stratigraphic distri-
bution, very transitional evolution from its ancestor
Helvetoglobotruncana praehelvetica, and absence or
very rare occurrence in epicontinental margin settings
(e. g., Hart and Carter 1975, Carter and Hart 1977, Hart
and Weaver 1977, Hart and Bigg 1981, Leckie 1985,
Hilbrecht et al. 1986, Jarvis et al. 1988, Lipson-Beni-
tah et al. 1988, Robaszynski et al. 1990, Kuhnt et al.
1997, Keller et al. 2001, Luciani and Cobianchi 1999,
Tur et al. 2001, Petrizzo 2001, Holbourn and Kuhnt
2002, Caron et al. 2006, Mort et al. 2007, Desmares et
al. 2007, Hart 2008, Gebhardt et al. 2010, Huber and
Petrizzo 2014, Elderbak and Leckie 2016). Further
complication is introduced by inconsistencies in the
stratigraphic position of planktonic foraminiferal
events, including the identification of LOs (lowest oc-
currences) and HOs (highest occurrences) of marker
taxa (e. g., Rotalipora cushmani, H. helvetica) when
the same section is studied by different authors
(Pueblo: Eicher and Diner 1985, Leckie 1985, Leckie
et al. 1998, Keller and Pardo 2004, Caron et al. 2006,
Desmares et al. 2007, Elderbak and Leckie 2016; East-
bourne: Paul et al. 1999, Keller et al. 2001, Hart et al.
2002, Tsikos et al. 2004).
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The aim of this study is to select the most reliable
and reproducible sequence of planktonic foraminiferal
bioevents across the C–T boundary interval by distin-
guishing between the most trustworthy isochronous
bioevents from those that are more regional or dia -
chronous in nature. The section of Eastbourne at Gun
Gardens and core S57 (Tarfaya Basin) were here re-
studied at high-resolution to complement the plank-
tonic foraminiferal data published in Tsikos et al.
(2004). We developed a well-constrained age-model
of Pueblo (Rock Canyon) to obtain numerical esti-
mates of planktonic foraminiferal events recognized 
in the GSSP section. Subsequently, we tested the syn-
chronicity of each bioevent by performing graphic
 correlations between Pueblo (Rock Canyon) and East-
bourne (Gun Gardens) and between Pueblo (Rock
Canyon) and Tarfaya (core S57), and by comparing 
the stratigraphic position of each bioevent with respect
to the peaks and troughs of the δ13C profile in other
low to mid-latitude localities, selected among those
yielding the most complete stratigraphic record and a
highly-resolved δ13C profile. Italian sections are only
briefly discussed, because of the absence of planktonic
foraminifera in the black shale layers (e. g., Premoli
Silva and Sliter 1995, Premoli Silva et al. 1999, Coc-
cioni and Luciani 2004, 2005, Coccioni and Premoli
Silva 2015), and the stratigraphic gap across the Bo na -
relli Level and time equivalent organic-rich facies
(Gambacorta et al. 2015).
2. Materials and Methods
To document the sequence of planktonic foraminiferal
bioevents across the C–T boundary interval, we have
examined samples from (1)Eastbourne, Gun Gardens,
UK, and (2) core S57 drilled in the Tarfaya Basin
 (Morocco), and paleogeographically located in the
 Anglo-Paris Basin and central Atlantic Ocean, respec-
tively (Tsikos et al. 2004; Fig. 1). The Eastbourne sec-
tion yields the most expanded C–T boundary interval
of the English Chalk and represents the European
 reference section for the C/T boundary (Paul et al.
1999). Planktonic foraminifera have been the object of
a number of studies (Paul et al. 1999, Keller et al.
2001, Hart et al. 2002, Tsikos et al. 2004) and the sec-
tion at Gun Gardens has been restudied to verify dis-
crepancies observed in the identification of species
and position of the bioevents (including zonal mark-
ers). The sampling resolution adopted here for the
biostratigraphic analysis is 20 cm throughout the sec-
tion at Eastbourne, and between 20 and 50 cm at Tar-
faya. Rock samples from core S57 (Tarfaya) and from
the Plenus Marls Member (Eastbourne) have been pro -
cessed with peroxide water to obtain washed residues.
Novelty of this study compared to Tsikos et al. (2004)
is introduced by the disaggregation of chalk samples
from the Grey Chalk, Ballard Cliff and Holywell
Members (Eastbourne) with acetic acid (80%) and wa-
ter (20%) to obtain washed residues yielding well-pre-
-60˚ -60˚
-30˚ -30˚
0˚ 0˚
30˚ 30˚
60˚ 60˚
Pueblo
Eastbourne
wadi BahloulTarfaya
Pont d’IssoleClot Chevalier
Gongzha
Fig. 1. Paleogeographic reconstruction for the late Cenomanian (94 Ma), with location of sections examined during this
study (after Hay et al. 1999).
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served isolated specimens (see Lirer 2000 and Falzoni
et al. 2016b for detailed procedure), a procedure also
used by Elderbak and Leckie (2016) for the hard lime-
stones at the Rock Canyon section.
In order to compare our biostratigraphic results with
those from other localities, we have selected the most
complete stratigraphic sequences spanning the C–T
boundary interval with detailed planktonic fora mini -
feral biostratigraphic data, as well as a highly-resolved
δ
13Ccarb or δ13Corg profile: WIS: (1) Rock Canyon,
Pueblo, Colorado (Eicher and Diner 1985, Leckie
1985, Leckie et al. 1998, Keller and Pardo 2004, Caron
et al. 2006, Desmares et al. 2007, Elderbak and Leckie
2016), Vocontian Basin: (2)Clot Chevalier (Falzoni et
al. 2016b) and (3)Pont d’Issole (Grosheny et al. 2006),
SE France; Tethyan Ocean: (4)wadi Bahloul, Tunisia
(Caron et al. 2006); Indian Ocean: (5)Gong zha, Tibet
(Bomou et al. 2013) (Fig. 1). In addition, planktonic
foraminiferal bioevents identified at these localities are
briefly discussed by comparing their stratigraphic po-
sition with other classic C/T boundary sections where
the δ13C profile is not available. The published litho-,
bio-, and chemostratigraphic data of Clot Chevalier,
Pont d’Issole, wadi Bahloul, and Gong zha are repro-
duced in the Supplementary Materials (Supplementary
Figs. A–D). Sources of data for each section and the
methodology applied to study the planktonic fora mini -
fera (thin sections, washed residues or a combination
of both) are listed in Table 1.
Taxonomic concepts for planktonic foraminiferal
species identification follow their original descriptions
and illustrations, the online taxonomic database for
Mesozoic planktonic foraminifera “PF@Mikrotax”
available at http://www.mikrotax.org/pforams/index.
Table 1 Source of planktonic foraminiferal bioevents and biostratigraphy, methodology used to process samples, δ13Ccarb
and δ13Corg profiles available in the literature for each section treated in this study.
Sections Planktonic foramini- Methods for plank- Available δ13Ccarb Available δ13Corg
feral bioevents and tonic foraminiferal data (bulk) data (bulk)
biostratigraphy study
Eastbourne Paul et al. 1999 washed residues
Keller et al. 2001 washed residues Paul et al. 1999
Hart et al. 2002 not specified Paul et al. 1999 Keller et al. 2001
Tsikos et al. 2004 washed residues+ thin sections Tsikos et al. 2004 Tsikos et al. 2004
this study washed residues
Tarfaya, Tsikos et al. 2004 washed residues Tsikos et al. 2004 Tsikos et al. 2004
core S57 this study washed residues
Pueblo Eicher and Worstell 1970 washed residues Rock Canyon: Rock Canyon: 
Eicher and Diner 1985 washed residues Caron et al. 2006; Bowman and 
Leckie 1985 washed residues PU-79 Core: Bralower 2005; 
Leckie et al. 1998 washed residues Pratt 1985; PU-79 Core: 
West et al. 1998 washed residues Pratt et al. 1993 Pratt and Threlkeld, 
Keller and Pardo 2004 washed residues Portland Core: 1984; Pratt 1985; 
Caron et al. 2006 washed residues+ thin sections Sageman et al. Pratt et al. 1993
Desmares et al. 2007 washed residues+ thin sections 2006 Portland Core: 
Elderbak and Leckie 2016 washed residues Sageman et al. 2006
Clot Chevalier Falzoni et al. 2016b washed residues Falzoni et al. 2016b
Pont d’Issole Grosheny et al. 2006 washed residues+ thin sections Grosheny et al. 2006 Jarvis et al. 2011
Jarvis et al. 2011
wadi Bahloul Caron et al. 2006 washed residues+ thin sections Caron et al. 2006
Gongzha Bomou et al. 2013 thin sections Bomou et al. 2013
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html (see Huber et al. 2016), Robaszynski et al. (1979)
and Falzoni et al. (2016b). Generic attribution is ac-
cording to the taxonomic revision by González-Do -
noso et al. (2007) for rotaliporids and Haynes et al.
(2015) for biserial taxa. Species mentioned in the text
and/or in the figures are listed in the Taxonomic Ap-
pendix. The planktonic foraminiferal biozonation is
according to Sliter (1989) and Robaszynski and Caron
(1995).
3. Remarks on the planktonic
foraminiferal record at Pueblo
(Colorado)
The GSSP for the base of the Turonian Stage is located
at the Rock Canyon section at Pueblo (Colorado). The
primary marker for the identification of the base of 
the Turonian is the LO of the ammonite Watinoceras
devonense in Bed 86 (Kennedy et al. 2000, 2005)
(Fig. 2). According to the GSSP definition, additional
secondary bioevents include the LO of the calcareous
nannofossil Quadrum gartneri, which almost coin-
cides with the C/T boundary as defined by ammonite
stratigraphy at Pueblo (Tsikos et al. 2004), and the LO
of the planktonic foraminifera Helvetoglobotruncana
helvetica some distance above the C/T boundary.
Planktonic foraminifera at Pueblo have been studied
numerous times over the last 45 years with different
sampling resolution (Eicher and Worstell 1970, Eicher
and Diner 1985, Leckie 1985, Leckie et al. 1998,
Keller and Pardo 2004, Keller et al. 2004, Caron et 
al. 2006, Desmares et al. 2007, Elderbak and Leckie
2016). Almost all the above-mentioned studies [with
the exception of Eicher and Worstell (1970), where the
planktonic foraminiferal biozonation is not discussed]
assigned the sedimentary succession outcropping at
Rock Canyon to the three planktonic foraminiferal
biozones according to the subtropical biozonation by
Sliter (1989) and Robaszynski and Caron (1995):
R. cushmani, Whiteinella archaeocretacea and H. hel-
vetica Zones. However, some discrepancies can be
found in the identification of the zonal markers, as fol-
lows: the HO of R. cushmani is identified in Bed 65
(Kennedy et al. 2005 after Eicher and Diner 1985), in
Bed 66 (Keller and Pardo 2004), and within Bed 68
(Leckie 1985, Caron et al. 2006). Desmares et al.
(2007) identified atypical morphotypes of R. cushmani
(i. e., with a “discrete peripheral keel, which is some-
times not expressed on each chamber or is even totally
absent”) up to Bed 85. Leckie (1985) also reported a
single occurrence of R. cushmani as high as the upper
part of Bed 85, but with a significant stratigraphic gap
between this and the presumed HO of R. cushmani in
Bed 68 (below Bentonite A). The 3.5-m gap between
relatively rare but consistently present R. cushmani up
to Bed 68, followed by no specimens, and then ex-
tremely sparse presence in the upper part of Bed 85
begs a question about reworking.
There are also major inconsistencies with regard to
the position of the LO of H. helvetica, which is identi-
fied in Bed 86 by Desmares et al. (2007), in Bed 89 
by Keller and Pardo (2004) and Kennedy et al. (2005)
after Eicher and Diner (1985), in Bed 102 by Caron et
al. (2006), and in limestone Bed 103 by Elderbak and
Leckie (2016). It should be noted here that three-
 dimensional specimens of foraminifera were extracted
and analyzed from calcareous shales, marlstones, and
limestones in the study by Elderbak and Leckie (2016).
Based on the above, we placed the top of the R. cush-
mani Zone in Bed 68 according to Leckie (1985),
 representing the youngest record of the species, with
the exception of the possibly reworked specimens
within Bed 85, and the base of the H. helvetica Zone 
in Bed 103 according to Elderbak and Leckie (2016)
(Fig. 2).
4. Re-interpretation of A, B, and C
peaks on the δ13C profile
Several δ13Ccarb and δ13Corg records have been gener-
ated for the Rock Canyon section and for cores drilled
nearby (PU-79 and Portland cores) over the last
30 years (Pratt and Threlkeld 1984, Pratt 1985, Pratt et
al. 1993, Keller et al. 2004, Bowman and Bralower
2005, Caron et al. 2006, Sageman et al. 2006). In
Fig. 2, we have plotted the δ13Ccarb obtained from out-
crop samples at the GSSP section (Caron et al. 2006)
and the δ13Corg profile obtained from the PU-79 core
(Pratt and Threlkeld 1984, Pratt 1985). The δ13Corg
curve by Pratt and Threlkeld (1984) and Pratt (1985)
was later reproduced by other authors including Ken -
nedy et al. (2005) in the paper where the GSSP for the
base of the Turonian Stage was defined, with some dis-
crepancies compared to the original version (see Caron
et al. 2006 for discussion).
Pratt and Threlkeld (1984) and Pratt (1985) de-
scribed peaks A, B, C as follows: “A= initial rapid in-
crease in values and first peak; B= notch caused by
brief decrease in values; C = second increase and
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plateau of values”, meaning that Pratt and Threlkeld
(1984) originally interpreted peak A as a maximum,
peak B as a trough, and peak C as the entire plateau of
positive (=less negative) values above B rather than 
a single point of the δ13C profile (Fig. 2). However,
different criteria have been successively adopted for
the identification of the peaks first identified by Pratt
and Threlkeld (1984). For instance, the position of the
carbon isotope peaks in the Demerara Rise record (Er-
bacher et al. 2005; Leg 207, southern Caribbean) has
been interpreted as follows: peaks A and B are troughs,
C is the positive peak, and a fourth maximum point
(named D) is recognized below the decrease of the
δ
13C to pre-excursion values. By contrast, Jarvis et al.
(2006, 2011) named A, B and C the three δ13Ccarb max-
ima across the C–T boundary interval in a composite
isotope curve of the English chalk, with peak C falling
very close to the C/T boundary. Voigt et al. (2007,
2008) adopted the same criteria but also recognized 
a fourth positive peak above the C/T boundary that
they named D. These latter schemes were followed by
a number of authors in recent years (e. g., Pearce et 
al. 2009, Westermann et al. 2010, Bomou et al. 2013,
Eldrett et al. 2015, Falzoni et al. 2016b) resulting in the
common practice of approximating the C/T boundary
to point C (as interpreted by Jarvis et al. 2006) in the
absence of W. devonense. Other authors preferred to
number the observed maxima of the δ13C profile as I,
II, and III (e. g., Caron et al. 2006, Grosheny et al.
2006).
Based on the observations above, the position of the
carbon isotope peaks A, B, and C is here summarized
in order to univocally compare and correlate the plank-
tonic foraminiferal bioevents across the stratigraphic
sections discussed in this study. Therefore, considering
previous interpretations, and according to Jarvis et al.
(2006, 2011), we identify three positive points (A, B,
C) and a plateau of high δ13Ccarb and δ13Corg values,
having a small offset, between B and C, and specifical-
ly, A is the initial rapid increase in values and first peak
(as originally defined by Pratt and Threlkeld 1984, 
and Pratt 1985), B is the second positive peak of δ13C,
following a decrease in values, and beginning of the
plateau that is usually represented by multiple δ13C
points, and C is the last positive peak of the plateau
 before the carbon-isotope profile gradually decreases
to pre-excursion values. Nevertheless, uncertainties
might remain for the identification of A, B, C peaks in
some localities, because of the presence of additional
peaks and troughs due to local variations of the δ13C
content and/or to diagenesis that might complicate the
apparently simple structure of the δ13C profile and/or
to a different sampling resolution. For instance, point
C (i. e., the last positive peak of the plateau before the
δ
13C decreases to pre-excursion values) at Eastbourne
might be placed in two different positions, i. e., (1)at
the transition between the Ballard Cliff and the Holy-
well Member according to Jarvis et al. (2006), or
(2)near the top of the Ballard Cliff Member according
to Voigt et al. (2008) (Fig. 3). Moreover, slight dis -
crepancies in the stratigraphic position of peaks and
troughs on the δ13Ccarb and δ13Corg profiles are often
observed in case both curves are available for the same
section (e. g., Pueblo, Eastbourne).
5. Results
5.1 Eastbourne, Gun Gardens (UK)
Planktonic foraminiferal events identified at East-
bourne (Gun Gardens) in this study and those available
in the literature (Paul et al. 1999, Keller et al. 2001,
Hart et al. 2002, Tsikos et al. 2004) are combined with
the available carbon isotope records (Paul et al. 1999,
Tsikos et al. 2004) and plotted against stratigraphy
(Fig. 3).
The HO of R. cushmani (Fig. 4, 1a–c) is recorded 
at top of Bed 3 (Keller et al. 2001) or within Bed 4 of
the Plenus Marls Member (Paul et al. 1999, Hart et 
al. 2002, Tsikos et al. 2004), in agreement with this
study, while the LO of H. helvetica is identified at 
the top of the Ballard Cliff (Keller et al. 2001) or at 
the base of the Holywell Member (Hart et al. 2002)
(Fig. 3). By contrast, we do not record the occurrence
of the latter species throughout the section, in agree-
ment with Paul et al. (1999) and Tsikos et al. (2004).
Discrepancies regarding the occurrence of H. helvetica
at Eastbourne likely depend on different species con-
cepts adopted by authors. However, confirmation of
this hypothesis is complicated by the absence of fig-
ured specimens in Hart et al. (2002) and by the poor
quality of the image of the H. helvetica specimen in
Keller et al. (2001), which is illustrated only in spiral
view. The presence of a keel throughout the last whorl
is the distinctive feature of H. helvetica (Bolli 1945,
Huber and Petrizzo 2014), a feature that is not visible
in the specimen figured. Consequently, the succession
studied is here assigned to the R. cushmani (from 0 to
11.4 m) and to the overlying W. archaeocretacea Zone
(from 11.4 to 26 m) (Fig. 3), according to Tsikos et al.
(2004).
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Based on our biostratigraphic analysis, Praeglobo -
truncana algeriana (Fig. 4, 2a–c), Dicarinella hagni
(Fig. 4, 3a–c), and Dicarinella imbricata (Fig. 4, 4a–c)
are present at the base of the section, therefore their
LOs likely fall in older stratigraphic intervals (also
supported by Huber et al. 1999 for P. algeriana and
D. hagni). Moreover, we identified morphotypes re-
sembling H. praehelvetica because of their distinctly
flat spiral side that however never develop the keel on
the first chambers of the last whorl throughout the
stratigraphic interval studied. These morphotypes,
here named H. cf. praehelvetica (Fig. 4, 5a–c), might
represent very primitive or poorly developed speci-
mens of H. praehelvetica and their LO is identified at
2.4 m above the base of the section (Fig. 3). Additional
planktonic foraminiferal events identified in the Grey
Chalk are listed below in stratigraphic order: 1)the LO
of Dicarinella canaliculata at 3.2 m; and 2)the LO of
Dicarinella elata (Fig. 4, 6a–c) at 4.0 m. The follow-
ing events are identified in the Plenus Marls Member:
1)the HO of Thalmanninella brotzeni (Fig. 4, 7a–c) at
7.2 m above the base of the section; 2) the HO of
 Thalmanninella greenhornensis (Fig. 4, 8a–c) and of
3) Thalmanninella deeckei (Fig. 4, 9a–c) at 8.2 m
within Bed 1; 4) the LO of Praeglobotruncana ora -
viensis (Fig. 4, 10a–c) at 8.8 m, and 5)the HO of Ro-
talipora montsalvensis (Fig. 5, 1a–c) at 9.2 m within
Bed 2; 6) the HO of Rotalipora praemontsalvensis
(Fig. 5, 2a–c) at 10 m within Bed 3; and 7) the HO 
of “Globigerinelloides” bentonensis at 13 m within
Bed 7 (Fig. 3). Specimens that fall in the range of vari-
ability of W. archaeocretacea (Fig. 5, 3a–c) are identi-
fied from 0.6 m above the base of the section, but
 occur rarely in the assemblage and show an extremely
scattered stratigraphic distribution, therefore their first
appearance at 0.6 m may not correspond to its LO in
the English Chalk. No noteworthy planktonic fora -
mini feral bioevents have been identified in the White
Chalk Formation. The C/T boundary is here placed 
at the base of the W. devonense Zone according to Gale
et al. (2005), however, it is worth mentioning that the
ammonite species W. devonense is not identified at
Eastbourne and the W. devonense Zone is recognized
based on the occurrence of other coeval ammonite
species (Paul et al. 1999, Gale et al. 2005).
5.2 Tarfaya (core S57)
The sedimentary succession studied is assigned to the
R. cushmani (from the base of the core to 50.96 m) 
and to the overlying W. archaeocretacea Zone (from
50.96 m to the top of the cored interval), according to
Tsikos et al. (2004). The occurrence of H. helvetica is
not recorded in the stratigraphic interval examined
(Fig. 6). Planktonic foraminiferal bioevents identified
in this study are listed in stratigraphic order: (1)LO 
of H. praehelvetica (54.91 m) (Fig. 5, 4a–c), (2) HO 
of Th. deeckei (54.16 m) (Fig. 5, 5a–c), (3) HO of
Th. greenhornensis (53.96 m) (Fig. 5, 6a–c), and
(4)HO of “G.” bentonensis (50.16 m) (Fig. 5, 7a–b).
The “Heterohelix” shift (abundance of biserial taxa
 50% in the  63 μm size fraction sensu Leckie et al.
1998) is recorded from 50.55 m. Biserial taxa, mainly
Planoheterohelix moremani (Fig. 5, 8a–b), Plano he te -
rohelix paraglobulosa (Fig. 5, 9a–b) and Planohetero-
helix globulosa dominate the assemblage up to the 
top of the core. Praeglobotruncana algeriana (Fig. 5,
10a–c), Dicarinella hagni (Fig. 5, 11a–c), and Dica -
rinella imbricata occur from the bottom of the core.
The C/T boundary is here approximated between the
peak C on the δ13Corg profile and the LO of Q. gartneri
according to Tsikos et al. (2004).
Fig. 3. Eastbourne (UK). On the left: lithostratigraphy, planktonic foraminiferal biostratigraphy and δ13Ccarb profile (black)
after Tsikos et al. (2004), age/stage and ammonite biostratigraphy after Gale et al. (2005). On the right: age/stage, litho -
stratigraphy, planktonic foraminiferal and ammonite biostratigraphy after Paul et al. (1999). The δ13Ccarb profile (grey) is ac-
cording to Paul et al. (1999) and refers to the stratigraphic log on the right. Chemostratigraphic peaks are after Jarvis et al.
(2006) and Voigt et al. (2008) (see text for further details). The samples examined in this study refer to the stratigraphic log
by Tsikos et al. (2004) in the left. Erosional basal surfaces are according to Keller et al. (2001). Calcareous nannofossil events
are according to Tsikos et al. (2004). Planktonic foraminiferal events after Paul et al. (1999), Keller et al. (2001), Hart et al.
(2002), and this study. Please note that the occurrence of H. helvetica and of the “Heterohelix” shift could not be confirmed
by this study in agreement with Paul et al. (1999) and Tsikos et al. (2004). Also, we could not confirm the occurrence of
specimens resembling the holotype of H. praehelvetica. Abbreviations: LO= lowest occurrence, HO= highest occurrence.
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Fig. 4. Planktonic foraminiferal specimens from the Eastbourne section. (1a–c) Rotalipora cushmani, sample GC-600 (0 m,
base of the section). (2a–c) Praeglobotruncana algeriana, sample GC-260 (3.4 m). (3a–c) Dicarinella hagni, sample
WC1240 (26.3 m). (4a–c) Dicarinella imbricata, sample GC-480 (1.2 m). (5a–c) Helvetoglobotruncana cf. praehelvetica,
sample PM+120 (7.2 m). (6a–c) Dicarinella elata, sample WC360 (17.5 m). (7a–c) Thalmanninella brotzeni, sample
GC-340 (2.6 m). (8a–c) Thalmanninella greenhornensis, sample GC-260 (3.4 m). (9a–c) Thalmanninella deeckei, sample
GC-260 (3.4 m). (10a–c) Praeglobotruncana oraviensis, sample PM+280 (8.8 m). Scale bar= 100 μm.
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Fig. 5. Planktonic foraminiferal specimens from Eastbourne and Tarfaya. Eastbourne: (1a–c) Rotalipora montsalvensis,
sample GC-500 (1 m). (2a–c) Rotalipora praemontsalvensis, sample PM+240 (8.4 m). (3a–c) Whiteinella archaeocretacea,
sample GC-540 (0.6 m). Tarfaya: (4a–c) Helvetoglobotruncana praehelvetica, sample S57/T58, 45–51 cm (depth 57.25 m).
(5a–c) Thalmanninella deeckei, sample S57/T59, 38–43 cm (depth 58.16 m). (6a–c) Thalmanninella greenhornensis, sam-
ple S57/T67, 9 –14 cm (depth 59.55 m). (7a–b) “Globigerinelloides” bentonensis, sample S57/T59, 38–43 cm (depth
58.16 m). (8a–b) Planoheterohelix moremani, sample S57/T58, 45–51 cm (depth 57.25 m). (9a–b) Planoheterohelix para-
globulosa, sample S57/T58, 45–51 cm (depth 57.25 m). (10a–c) Praeglobotruncana algeriana, sample S57/T57, 61–66 cm
(depth 56.50 m). (11a–c) Dicarinella hagni, sample S57/T57, 61–66 cm (depth 56.50 m). Scale bar= 100 μm.
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Fig. 6. Tarfaya, core S57 (Morocco):
planktonic foraminiferal biozonation,
calcareous nannofossil events, position
of the C/T boundary and δ13Corg profile
after Tsikos et al. (2004) and Jenkyns et
al. (2017). Planktonic foraminiferal and
chemostratigraphic events according to
this study.
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6. Discussion
6.1 Age-depth model 
for the Pueblo section
Bentonites occurring in the Portland Core (Pueblo)
were accurately and precisely dated by intercalibrating
radioisotopic and astrochronologic time scales (Mey-
ers et al. 2012). This study, and Elder (1988), also con-
cluded that bentonites found in the same ammonite
biozone in different localities of the WIS across the
C–T boundary interval have a common eruptive ori-
gin and are isochronous. Therefore, we used the age of
bentonites obtained by Meyers et al. (2012) to build
the age-depth model for the Rock Canyon section and
to calculate a reliable estimate of planktonic fora mini -
feral species first and last appearance data (Fig. 7). The
age of the bentonites used to develop the age-model
and the age of the bioevents extrapolated in this study
are listed in Table 2. The calculated ages for the LO of
P. algeriana, D. hagni, D. elata, D. canaliculata, and
D. imbricata, the HO of Th. deeckei, and the LO of
H. praehelvetica (base of the section) and the LO of
M. marianosi and H. helvetica (top of the section) in-
clude a higher margin of error, because these events
fall outside the interval constrained by bentonites, al-
though they are aligned with the line of correlation.
The age of the LO of M. sigali was not calculated,
 because it falls in an interval where the sedimenta-
tion rate might have been significantly different (see
Fig. 2). The HO of Th. multiloculata, R. planoconvexa
and atypical R. cushmani could not be calculated be-
cause of the  unavailability of the precise sample
depths at which these events are recognized.
The age obtained for the HO of R. cushmani
(94.29 Ma) in this study is 10 kyr younger than the age
reported in GTS 2012 (Gradstein et al. 2012) that was
derived from the work by Robaszynski et al. (1998) in
the Anglo-Paris Basin. Because the age estimate in the
GTS 2012 was not well calibrated due to the uncertain
HO of R. cushmani at Gubbio and in the Moroccan
record (see Anthonissen and Ogg 2012), our calculated
age for this event represents a more reliable estimate
of its extinction across mid-low latitudes (see discus-
sion in paragraph 6.3.1), as it falls very close to ben-
tonite A. The LO of H. helvetica at 93.48 Ma is also
slightly younger (40 kyr) than previously estimated 
by Huber and Petrizzo (2014), who obtained the age 
of 93.52 Ma at Pueblo using the age of bentonites by
Meyers et al (2012), but entering the depth of the LO
of H. helvetica according to Caron et al. (2006) instead
of the depth revised by Elderbak and Leckie (2016)
used in this study. The age of 93.52 Ma was also re-
ported in GTS 2012 based on preliminary unpublished
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Fig. 7. Age-depth model for the
Pueblo section. The age model is con-
strained by bentonite ages as calculat-
ed by Meyers et al. (2012). The linear
functions obtained are as follows:
1) Bentonite A to Bentonite B (y =
–9.5x + 897.16); 2) Bentonite B to
LO of W. devonense (y= –8.2353x +
778.19); 3) LO of W. devonense to
Bentonite C (y= –6.3636x + 602.45);
4) Bentonite C to Bentonite D (y =
–6.8462x + 647.7).
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data provided by Huber and Petrizzo (Gradstein et al.
2012). However, because of the clearly diachronous
nature of this event, the age of 93.48 Ma obtained in
this study cannot be applied to other localities. The LO
of D. imbricata precedes the extinction of R. cushmani
at Rock Canyon and in other localities (see discus-
sion below) and the age derived for its appearance in
the GSSP section (94.51 Ma) is significantly older
(310 kyr) than estimated in the GTS 2012 (Gradstein
et al. 2012), where this event is reported to occur above
the HO of R. cushmani. Finally, it is worth noting that
the extinction of Th. greenhornensis is significantly
delayed at Pueblo compared to other mid-low latitude
records (see paragraph 6.4.1), therefore the age ob-
tained in this study has to be recalibrated in  other lo-
calities.
6.2 Graphic correlations
To test the synchroneity of common events and the
 accuracy of correlations among sections, we per-
formed graphic correlations of Pueblo vs. Eastbourne
(Fig. 8a) and Pueblo vs. Tarfaya (Fig. 8b). This method
has the advantage of clearly indicating which events
occur earlier and which occur later in the sections
compared, and highlights any variation in the sedi-
mentation rates including the presence of hiatuses. For
this reason, graphic correlations and the calculation of
the correlation coefficient of the best-fit regression
lines are routinely applied in biostratigraphic studies
as a plain and simple tool to evaluate the synchroneity
of events (e. g., Shaw 1964, MacLeod and Keller 1991,
Sadler 2004, Paul and Lamolda 2009, Petrizzo et al.
2011, 2017, Lamolda et al. 2014, Smith et al. 2015,
Huber et al. 2017, Olayiwola et al. 2017) and have
been suggested as a standard procedure in any study
aimed to select GSSP sections (Lamolda et al. 2014).
To increase the number of common events, we inte-
grated planktonic foraminiferal datums with the cal-
careous nannofossil, ammonite, and chemostratigra -
phic events (peaks A, B and C of the δ13C profile)
available in the literature. Moreover, we considered
the two interpretations regarding the position of
peak C at Eastbourne (i. e., according to Jarvis et al.
2006 and to Voigt et al. 2008), in order to verify which
option provides the highest correlation coefficient of
the best-fit regression line. The depths of events used
to constrain the graphic correlations and their sources
are listed in Table 3. For the Pueblo section, we con-
sidered the youngest record for extinctions and the
oldest record for appearances in case the same event
was recognized in different positions by different au-
thors, with the exception of the HO of R. cushmani,
which is according to Leckie (1985).
6.2.1 Pueblo vs. Eastbourne
We have excluded the HO of Th. greenhornensis to
calculate the correlation coefficient of the regression
line (R2), because this event falls between peaks A and
B of the δ13C curve at Pueblo and below peak A at
Eastbourne, thus is clearly delayed in the former sec-
tion, as confirmed by the graphic correlation (Fig. 8a).
The values of R2 calculated using all the other com-
mon events identified at Pueblo and at Eastbourne 
are similar when considering peak C placed according
to Jarvis et al. (2006) (R2 = 0.90849) and according 
to Voigt et al. (2008) (R2 = 0.92105). However, the
graphic correlation highlights a possible variation in
the sedimentation rate in one or both sections from
around peak B, as testified by a change in the inclina-
Table 2 Mean depths and ages of the events constrained by
the age-depth model for the Pueblo section. Mean
depths are calculated as the average between the
depth of the sample in which an event is identified
and the depth of the underlying (for lowest occur-
rences) or overlying sample (for highest occur-
rences). Ages of bentonites and of the C/T bound-
ary (LO of W. devonense) are from Meyers et al.
(2012). The ages of the other bioevents are calcu-
lated in this study.
Rock Canyon, Pueblo (Colorado)
Events mean Age 
depth (m) (Ma)
LO H. helvetica –7.75 93.48
LO M. marianosi –7.70 93.48
Bentonite D –6.49 93.66
Bentonite C –5.60 93.79
LO W.devonense – C/T boundary –4.90 93.90
Bentonite B –3.50 94.07
onset “Heterohelix” shift –2.80 94.14
Bentonite A –1.60 94.27
HO “G.” bentonensis –1.55 94.28
HO Th. greenhornensis –1.45 94.29
HO R. cushmani –1.45 94.29
LO H. praehelvetica –0.45 94.39
HO Th. deeckei –0.40 94.39
LO D. canaliculata –0.75 94.51
LO D. elata –0.75 94.51
LO D. imbricata –0.75 94.51
LO D. hagni –1.20 94.55
LO P. algeriana –1.20 94.55
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Fig. 8. Graphic correlations: 8a)Depth-depth plot of Pueblo vs. Eastbourne and 8b)depth-depth plot of Pueblo vs. Tarfaya
(core S57). Please note that the depth of the LO of Q. gartneri at Tarfaya is represented with the error bar because its precise
position is uncertain and likely falls within the coring gap (Tsikos et al. 2004).
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tion of the line joining the events in the upper right of
Fig. 8a. A significant decrease in the sedimentation
rate in the upper part of the Eastbourne section is in
agreement with the age model developed by Keller et
al. (2001) and is likely due to a drop in the terrigenous
input starting from the transition between the Plenus
Marls Member (deposited during a sea-level low-
stand) and the White Chalk Formation (deposited dur-
ing a high-stand). A slight decrease in the sedimenta-
tion rate was also identified at Pueblo approximately
at the same stratigraphic level (near the base of the
 ammonite Neocardioceras juddii Zone) (Meyers et al.
2001) in agreement with the age-depth model devel-
oped in this study. Based on the observations above,
we calculated two regression lines as follows: (1)from
the base of the sections to the HO of “G.” bentonensis
and (2) from peak B to the top of the sections, both
having a high correlation coefficient (R2 = 0.97 and
R2 = 0.96, respectively) (Fig. 8a). In the latter case, we
used the position of peak C as identified by Voigt et al.
(2008) because it falls much closer to the other events.
Noteworthy, the two latter correlation coefficients
might be higher than those obtained above because
based on a lower number of data points (i. e., common
events). However, the R2 obtained entering peak C
 according to Voigt et al. (2008) is surely higher than
the R2 that would result from the same number of data
points, but considering peak C according to Jarvis et
al. (2006), because of the alignment of all the other
common events (peak B, LO of N. juddii, base of the
W. devonense Zone and LO of Q. gartneri; Fig. 8a).
Accordingly, the interpretation of peak C applied here-
in for Eastbourne follows Voigt et al. (2008).
6.2.2 Pueblo vs. Tarfaya (core S57)
The graphic correlation highlights many differences in
the position of the events (Fig. 8b). Firstly, the δ13C
peaks are not perfectly aligned, suggesting a decrease
in the sedimentation rate from peak B to peak C at
Pueblo or an increase at Tarfaya, and/or an erroneous
Events Mean Source
depth (m)
Pueblo
LO D. canaliculata –0.75 Caron et al. (2006)
LO D. elata –0.75 Caron et al. (2006)
HO Th. deeckei –0.40 Eicher and Diner 
(1985)
LO H. praehelvetica –0.45 Caron et al. (2006)
δ
13C peak A –1.30 Pratt and Threlkeld 
(1984)
HO Th. greenhornensis –1.45 Leckie (1985)
HO R. cushmani –1.45 Leckie (1985)
HO “G”. bentonensis –1.55 Leckie (1985)
HO A. albianus –1.90 Tsikos et al. (2004)
δ
13C peak B –2.60 Pratt and Threlkeld 
(1984)
onset “Heterohelix” shift –2.80 Leckie et al. (1998)
LO N. juddii –2.95 Caron et al. (2006)
δ
13C peak C –4.65 Pratt and Threlkeld 
(1984)
LO W. devonense –4.90 Caron et al. (2006)
LO Q. gartneri –5.85 Tsikos et al. (2004)
Eastbourne
LO D. canaliculata –3.00 this study
LO D. elata –3.80 this study
HO Th. deeckei –8.30 this study
HO Th. greenhornensis –8.30 this study
δ
13C peak A 10.40 Jarvis et al. (2006)
HO R. cushmani 11.30 Tsikos et al. (2004)
HO A. albianus 12.80 Tsikos et al. (2004)
HO “G”. bentonensis 13.10 this study
δ
13C peak B 14.10 Jarvis et al. (2006)
LO N. juddii 14.85 Gale et al. (2005)
δ
13C peak C 17.90 Voigt et al. (2008)
base W. devonense Zone 17.90 Gale et al. (2005)
LO Q. gartneri 18.60 Tsikos et al. (2004)
δ
13C peak C 19.70 Jarvis et al. (2006)
Tarfaya (core S57)
LO H. praehelvetica 55.02 this study
HO Th. deeckei 54.06 this study
HO Th. greenhornensis 53.85 this study
HO A. albianus 53.85 Tsikos et al. (2004)
δ
13C peak A 52.92 this study
δ
13C peak B 51.13 this study
HO R. cushmani 50.86 Tsikos et al. (2004)
onset “Heterohelix” shift 50.55 this study
HO “G”. bentonensis 50.09 this study
δ
13C peak C 44.61 this study
LO Q. gartneri 43.32 Tsikos et al. (2004)
Table 3 Mean depths and sources of bio- and chemostrati-
graphic events identified at Pueblo, Eastbourne
and Tarfaya that were used to perform the graphic
correlations illustrated in Fig. 8. Mean depths are
calculated as the average between the depth of the
sample in which an event is identified (indicated
in the text, paragraphs 5.1 and 5.2) and the depth
of the underlying (for lowest occurrences) or over-
lying sample (for highest occurrences).
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interpretation of their position on the δ13Corg profile at
Tarfaya that is probably affected by diagenetic alter-
ation as observed for the δ13Ccarb record (Tsikos et al.
2004). The presence of a 3-m thick coring gap and
only two common events in the upper part of the sec-
tions, including the LO of Q. gartneri that likely falls
within the non-recovery interval, complicates its inter-
pretation (Fig. 8b).
Discrepancies are also found in the planktonic fora -
miniferal and calcareous nannofossil data, and the
only events that appear trustworthy for correlation be-
tween Pueblo and Tarfaya are the LO of H. praehel-
vetica and the extinctions of Th. deeckei and Th. green-
hornensis, as well as the onset of the “Heterohelix”
shift. By contrast, the HO of A. albianus is delayed at
Pueblo or falls in an earlier stratigraphic interval at
Tarfaya, while the opposite is true for the HO of
R. cushmani and of “G.” bentonensis, therefore these
three events were not used to calculate the regression
line.
Because of the uncertainties regarding the position
of the δ13C peaks and the few number of common
events at the top of the stratigraphic interval studied,
the evaluation of the reliability of planktonic fora -
miniferal events for correlation between Pueblo and
Tarfaya requires further study and comparison with
sections elsewhere. However, the synchronicity of bio-
events in the Tarfaya Basin and their reliability for
mid-low latitude correlations are more widely dis-
cussed in paragraph 6.3.1.
6.3 Testing the accuracy of mid-low
latitude correlations using planktonic
foraminifera
In order to compare all the sections available and with
the attempt to test the reliability of bioevents for cor-
relating low to mid-latitude localities, we used the
δ
13C isotope excursion, assuming that it was synchro-
nously registered in the sedimentary successions. We
have plotted in Fig. 9 the planktonic foraminiferal
 bioevents herein identified at Eastbourne and Tarfaya
and those documented from the selected stratigraphic
sections (Pueblo, Clot Chevalier, Pont d’Issole, wadi
Bahloul and Gongzha) against a schematic δ13C pro-
file. At Pueblo, the bioevents are placed according to
their position with respect to the δ13Corg curve by Pratt
and Threlkeld (1984) with peaks as identified in this
study. A summary of the most reliable sequence of
planktonic foraminiferal bioevents resulting from our
study is reproduced in Fig. 10.
6.3.1 Reliability of zonal markers
The extinction of R. cushmani at Pueblo is recorded in
slightly different stratigraphic intervals: from slightly
below to slightly above A on the δ13C curve. How ever,
robust data based on both thin sections and washed
residues place the HO of R. cushmani above peak A on
the δ13Corg curve (Table 1; Leckie 1985, Leckie et al.
1998, Caron et al. 2006, Elderbak and Leckie 2016).
 Remarkable is the identification of atypical R. cushmani
at Pueblo up to peak C (Leckie 1985, Desmares et al.
2007), representing the youngest record of morphotypes
falling within the range of variability of R. cushmani
documented in the literature (Fig. 9). The HO of R. cush-
mani is diachronous from south to north within the WIS
(Frush and Eicher 1975, Leckie 1985, Desmares et al.
2007, Lowery et al. 2014), which is not surprising be-
cause of the local variations in the salinity, sea-surface
temperatures and productivity, and the relatively shal-
low water depth (e. g., Caldwell and Kauffman 1993,
Arthur et al. 1985, Pratt 1984, 1985, Leckie 1985, Leck-
ie et al. 1998, Pagani and Arthur 1998, West et al. 1998,
Keller et al. 2004, Corbett and Watkins 2013, Lowery 
et al. 2014, Elderbak et al. 2014, Elderbak and Leckie
2016, among many others) that might have favored the
survival of the last representatives of R. cushmani in cer-
tain areas of the WIS and caused an earlier extinction in
others. Moreover, the diachronous extinction of R. cush-
mani in the WIS does not result from its dilution by the
bloom of other species, because it cannot be overlooked
in the assemblages even if rare thanks to its  distinctive
morphology, and because its diachronous extinction in
the WIS is known from the work by Frush and Eicher
(1975) and has been recently confirmed by other au-
thors in highly-resolved bio stratigraphic studies of dif-
ferent sections (e. g., Desmares at al. 2007, Lowery et al.
2014, Lowery and Leckie 2017).
In the other sections examined, the HO of R. cush-
mani is typically recorded at peak A or between
peak A and B, with the exception of Clot Chevalier
and Tarfaya. In the former section, this event falls in
an earlier stratigraphic interval (below A) due to a
combination of causes: (1)the presence of a hiatus at 
the base of the Thomel Level and of an overlying
 condensed stratigraphic interval, and (2)the rarity of
R. cushmani toward the top of its stratigraphic range,
so that a possible hiatus or low sedimentation rate in
this interval might considerably bias the position of its
HO (Falzoni et al. 2016b). A more reliable HO of
R. cushmani in the Vocontian Basin is identified at
Pont d’Issole in between peaks A and B (Grosheny et
al. 2006, Grosheny et al. 2017).
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The extinction of R. cushmani is recorded at Tarfaya
(core S57) a few cm above the supposed peak B, while
it falls between peak A and B in other cores drilled in
the Tarfaya Basin (core S75: Kuhnt et al. 2005; core
SN°4: Kuhnt et al. 2017). Specifically, the acquisition
of highly-resolved bio- and chemostratigraphic data
from a recently drilled core (SN°4) in the Tarfaya
Basin indicates that the HO of R. cushmani falls in 
the trough between peak A and peak B (Kuhnt et al.
2017) as found in the other mid-low latitude localities.
Therefore, its apparently delayed extinction in core
S57, as well as that of “G.” bentonensis, more likely
result from local environmental patterns and/or from a
diagenetically altered δ13Corg record, as explained in
paragraph 6.2.2. On the other hand, we cannot com-
pletely rule out the possibility that differences in the
paleobathymetry of cores S57, S75 and SN°4, approx-
imately representing between 100 and 300 m (Kuhnt 
et al. 1990, 2005, 2017), might have influenced the
timing of extinction of the deep-dweller R. cushmani
(Hart 1999, Premoli Silva and Sliter 1999), although
Kaiho et al. (2014) demonstrated that the extinction
level of rotaliporids along a bathymetric transect was
independent from water depth in the Spanish record.
Fig. 10. Summary of the most reliable sequence of planktonic foraminiferal bioevents for mid-low latitude correlation
across the C–T boundary interval and list of the bioevents that are potentially useful but require further calibration in other
localities. Reliable bioevents are numbered in stratigraphic order from the bottom to the top.
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The appearance of H. helvetica is recorded in differ-
ent stratigraphic intervals above peak C at Pueblo,
Pont d’Issole, wadi Bahloul and Gongzha. Helveto -
globotruncana helvetica is not identified at Clot Che -
valier (Falzoni et al. 2016b), at Eastbourne and in core
S57, in agreement with Tsikos et al. (2004). However,
the LO of H. helvetica is documented in younger strati-
graphic intervals at Tarfaya well above the C/T bound-
ary (Kuhnt et al. 1990), further confirming its delayed
occurrence in several localities. These observations
support the unreliability of the LO of H. helvetica as a
marker event for the base of the Turonian, as explained
in the Introduction section.
6.4 Secondary planktonic foraminiferal
bioevents for mid-to-low latitude
correlations
6.4.1 Reliable bioevents
Extinctions across the C–T boundary interval follow 
a well-defined scheme that is reproducible in all the
stratigraphic sections examined, as listed below in
stratigraphic order: 1) HO of Th. deeckei, 2) HO of
Th. greenhornensis, overlaid by the HO of R. cushma-
ni, and by 3)the HO of “G.” bentonensis (Figs. 9–10).
1) The extinction of Th. deeckei always falls below
peak A on the δ13C curve, approximately at the begin-
ning of the δ13C excursion (Clot Chevalier, Pont d’Is-
sole and Gongzha) or in a slightly younger stratigraph-
ic interval where the δ13C increases more distinctly
(Pueblo, Eastbourne, Tarfaya).
2) The HO of Th. greenhornensis falls slightly below
or at peak A, with the exception of Pueblo, where it
falls slightly above peak A and together with the HO
of R. cushmani, suggesting a delayed extinction in the
WIS compared to the other mid-low latitude localities.
Limited discrepancies in the HO of Th. greenhornensis
and Th. deeckei might be related to differences in sam-
pling resolution and/or rarity of both species towards
the top of their stratigraphic distribution. In other
 localities, the extinction of both species is recorded in
the uppermost R. cushmani Zone (Blake Nose: Huber
et al. 1999; Austria: Gebhardt et al. 2010; Switzerland:
Westermann et al. 2010), with the exception of an ap-
parently earlier HO of Th. deeckei in Tunisia (Robas -
zynski et al. 1993) and Japan (Hasegawa 1999) and of
Th. greenhornensis in Morocco (Keller et al. 2008). It
is worth mentioning that different Th. deeckei species
concepts might have been applied in the literature. For
instance, Pessagno (1967) retained Th. deeckei as a
possible junior synonym of Th. greenhornensis, while
it has been identified as a distinct species by subse-
quent authors (e. g., Robaszynski et al. 1979, Ando and
Huber 2007).
3) The extinction of “G.” bentonensis is recorded
 either below (Pueblo, Eastbourne and Clot Chevalier)
or immediately above peak B on the δ13C curve (Tar-
faya). Because this species was not identified at wadi
Bahloul and Gongzha, its extinction level in the east-
ern Tethyan realm cannot be assessed. Based on the
available data and pending further biostratigraphic
studies in sections belonging to this paleogeographic
area, the HO of “G.” bentonensis appears to be a very
reliable marker for the latest Cenomanian. Its appar-
ently slightly delayed extinction in core S57 should be
verified by further studies, but it is probably related to
the same causes that controlled the position of the HO
of R. cushmani (see discussion in paragraph 6.3.1).
Further support to the validity of this event is provided
by its consistent identification some centimeters to a
few meters above the extinction of R. cushmani in
Spain (Lamolda et al. 1997) and Morocco (Keller et al.
2008), while the apparently synchronous extinction of
the single-keeled rotaliporids and of “G.” bentonensis
in several Italian sections (Bottaccione-Contessa: Pre-
moli Silva and Sliter 1995, Coccioni and Premoli Silva
2015; Antruiles, Dolomites: Luciani and Cobianchi
1999; Calabianca-Guidaloca: Scopelliti et al. 2004;
Valdagno: Coccioni and Luciani 2005) is due to the ab-
sence of planktonic foraminifera in the Corg-enriched
layers of the Bonarelli Level (or equivalent) and/or to
the stratigraphic gap across the C/T boundary (Gam-
bacorta et al. 2015).
In addition, the LOs of D. hagni and D. imbricata
that are usually recognized below the beginning of the
δ
13C isotopic excursion, also appear to be reliable for
correlation as discussed below (Figs. 9–10):
4) The LO of D. hagni is recorded from the base of the
sections in most of the localities examined, with the
exception of Pont d’Issole (i. e., across the δ13C rise
belowA) and wadi Bahloul (i. e., slightly aboveB).
However, its appearance level is well documented in
the mid-to-upper R. cushmani Zone at other geograph-
ic localities including Tunisia (Robaszynski et al.
1993), Morocco (Keller et al. 2008), Italy (Premoli Sil-
va and Sliter 1995, Luciani and Cobianchi 1999, Mort
et al. 2007, Coccioni and Premoli Silva 2015), Spain
(Lamolda et al. 1997), Austria (Gebhardt et al. 2010),
Switzerland (Westermann et al. 2010), Blake Nose
(Huber et al. 1999), and Japan (Hasegawa 1999). We
believe that its delayed occurrence at Pont d’Issole and
wadi Bahloul might be an artifact of its rarity in these
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localities and/or small-sized samples. This latter hypo -
thesis is supported by the fact that planktonic fora -
minifera from Pont d’Issole and wadi Bahloul were
studied in thin sections from layers characterized by a
particularly indurated lithology. Thin sections repre-
sent a smaller-sized sample compared to washed
residues and their study reduces the likelihood of en-
countering rare species. Discrepancies in the LO of
D. hagni at low latitudes are found in the WIS: at
Pueblo, the LO of D. hagni is below the extinction
 level of rotaliporids (Caron et al. 2006), while in south
Texas, the LO lies above the extinction level of rotali-
porids (Frush and Eicher 1975, Lowery and Leckie
2017) suggesting an ecologic influence at the southern
aperture of the WIS relative to sites to the north in 
the core of the seaway (recorded as P. difformis, Eicher
and Worstell 1970, Eicher and Diner 1985), indicating
that the LO of this species is likely diachronous for
sections within the WIS. This diachronous pattern in
the WIS is similar to that of the HO of R. cushmani,
which is also from south to north (Leckie 1985).
5) The LO of D. imbricata is identified from the base
of the sections or in the lowermost samples at Pueblo,
Eastbourne, Tarfaya, and Clot Chevalier. Its LO ap-
pears to be delayed in the sections that have been
 partially studied in thin section as follows: at Pont
d’Issole (at excursion A), at Gongzha (slightly above
excursion B), and at wadi Bahloul (in between B and
C). In sections elsewhere, its LO is documented in 
the R. cushmani Zone (Italy: Premoli Silva and Sliter
1995, Luciani and Cobianchi 1999, Coccioni and Lu-
ciani 2004, Mort et al. 2007, Coccioni and Premoli Sil-
va 2015, Spain: Lamolda et al. 1997, Japan: Hasegawa
1999, Morocco: Keller et al. 2008) and in the W. ar-
chaeocretacea Zone (Austria: Gebhardt et al. 2010,
Switzerland: Westermann et al. 2010). Despite some
discrepancies in the LO of D. imbricata might be
 related to subjective species concepts, we believe that
its apparent diachronism might be an artifact of the
sample size, as this species is often uncommon at the
beginning of its stratigraphic range. Overall, in our
opinion the appearance of D. imbricata can be consid-
ered a reliable bioevent for correlation in cases where
the size of the samples studied is large enough to en-
counter rare species.
6.4.2 Potentially useful bioevents that require
further investigation
1) The LO of P. algeriana is an upper Cenomanian
event falling in the mid-upper R. cushmani Zone below
the δ13C isotope excursion A (Pueblo, Pont d’Issole,
wadi Bahloul), whereas the occurrence of this species
is recorded at Eastbourne, Tarfaya, Clot Chevalier and
Gongzha from the base of the section, so that its LO
cannot be precisely determined (Fig. 9). However, the
appearance of P. algeriana is documented in the lower
R. cushmani Zone (Italy: Premoli Silva and Sliter
1995, Luciani and Cobianchi 1999, Spain: Lamolda et
al. 1997, Blake Nose: Huber et al. 1999). Accordingly,
several authors identified a P. algeriana Subzone de-
fined as the stratigraphic interval between the LO of
P. algeriana and the HO of R. cushmani (Bottaccione-
Contessa: Premoli Silva and Sliter 1995, Coccioni and
Premoli Silva 2015, Eastbourne: Keller et al. 2001).
This diachronous appearance likely reflects different
species concepts among authors as testified by its ac-
commodation either in the genus Praeglobotruncana
(Caron 1966) or Dicarinella (Robaszynski et al. 1979).
Recently, its distinctive morphological features have
been clarified to promote its identification and cali-
brate its appearance level at a regional to global scale
(see Falzoni et al. 2016b).
2) The occurrence of P. oraviensis is rarely recorded
in the literature with few exceptions (Tunisia: Robas -
zynski et al. 1990; Spain: Lamolda et al. 1997; Crimea:
Kopaevich and Vishnevskaya 2016; Clot Chevalier:
Falzoni et al. 2016b) and its species concept has been
differently interpreted by authors including its generic
attribution, because of the unavailability of SEM im-
ages of the type material (see Falzoni et al. 2016b for
taxonomic details). Possibly because of these taxo-
nomic uncertainties, the appearance of P. oraviensis is
recorded in different levels within the W. archaeocre-
tacea Zone (Robaszynski et al. 1990, Lamolda et al.
1997, Kopaevich and Vishnevskaya 2016, Falzoni et
al. 2016b). At Eastbourne, we identify the LO of
P. oraviensis at the top of R. cushmani Zone, represent-
ing the oldest record of this species documented in 
the literature (Figs. 9–10). The delayed occurrence of
P. oraviensis at Clot Chevalier, in the middle-upper
W. archaeocretacea Zone likely results from a combi-
nation of sedimentologic (hiatus and condensed strati-
graphic interval at the top of the R. cushmani Zone)
and ecologically-related (very rare occurrence of
planktonic foraminifera within the lower W. archaeoc-
retacea Zone) causes. Praeglobotruncana oraviensis
does not occur at Tarfaya or at Pueblo, suggesting that
some ecologic features (e. g., water depth, trophic
regime) might have controlled its geographic distribu-
tion at least at the beginning of its stratigraphic range,
therefore the reliability of its LO requires further in-
vestigation and calibration with other sections.
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3) The LO of M. schneegansi is recorded slightly
above peak C at Pont d’Issole (Grosheny et al. 2006),
while ancestral morphotypes named M. cf. schnee -
gansi do occur at Clot Chevalier approximately in 
the same stratigraphic interval (Falzoni et al. 2016b)
(Fig. 9). The LO of M. schneegansi is identified in
 sediments of approximately coeval age either slightly
below (Japan: Hasegawa 1999) or above the LO of
H. helvetica (Tunisia: Robaszynski et al. 1990; Italy:
Premoli Silva and Sliter 1995, Coccioni and Premoli
Silva 2015; Texas: Lowery and Leckie 2017). Un -
fortunately, the synchronicity of the appearance of
M. schneegansi in these sections cannot be accurately
tested in the absence of a δ13C profile. In addition,
M. schneegansi is not documented in the lowermost
Turonian of the other localities examined and it is
 absent in the southern mid- to high latitudes (Petrizzo
2000, 2001), suggesting that its geographic distribu-
tion might be confined to the tropical-subtropical lati-
tudinal belt. Consequently, the reliability of its LO
 requires further study, but it might represent a useful
bioevent falling close to the C/T boundary at least at
low latitudes (Fig. 10).
4) The LO of M. sigali is detected well above peak C,
but within the H. helvetica Zone, at Pueblo and at
Gongzha, although it seems to be delayed in the for-
mer section. Possible ancestral morphotypes of M. si-
gali occur at Clot Chevalier approximately across the
same stratigraphic interval (above C) (Fig. 9). This
species is absent at Tarfaya, Eastbourne, Pont d’Issole,
and wadi Bahloul, but it is usually documented to first
occur slightly below (Furlo: Mort et al. 2007; south
Texas: Lowery and Leckie 2017), or above the LO of
H. helvetica (Tunisia: Robaszynski et al. 1990; Italy:
Premoli Silva and Sliter 1995, Coccioni and Premoli
Silva 2015; Switzerland: Westermann et al. 2010; Tan-
zania: Huber et al. 2017). Because the appearance
 level of M. sigali is still not documented in several
 localities, its reliability for low to mid-latitude corre-
lation requires further investigation.
5) LO of other Marginotruncana species. The LO of
M. renzi was identified well above C at the top of the
Eastbourne section by Paul et al. (1999) in a slightly
younger stratigraphic interval compared to that here
re-studied and assigned to the ammonite Mammites
nodosoides Zone (Figs. 3 and 9). The LO of M. renzi is
documented slightly above the LO of H. helvetica at
Blake Nose (Huber et al. 1999), in south Texas (Low-
ery and Leckie 2017), Italy (Premoli Silva and Sliter
1995, Coccioni and Premoli Silva 2015), and Tunisia
(Robaszynski et al. 1990). The LO of M. marianosi is
documented at Pueblo falling in the H. helvetica Zone
and above peak C, where the δ13C returns close to 
pre-excursion values (Fig. 9). In other localities, the
LO of M. marianosi is recorded below (Furlo: Mort 
et al. 2007) or slightly above (Bottaccione-Contessa:
Premoli Silva and Sliter 1995) the LO of H. helvetica,
but this bioevent is significantly delayed in the south-
ern mid-latitudes (Exmouth Plateau: Petrizzo 2000), as
it falls above the extinction of Falsotruncana maslako-
vae in the late Turonian – early Coniacian. The LO of
M. coronata is identified in the lower (Pont d’Issole:
Grosheny et al. 2006) or at the top of the H. helvetica
Zone in the Tethyan Realm (Tunisia: Robaszynski et
al. 1990; Italy: Premoli Silva and Sliter 1995, Coccioni
and Premoli Silva 2015; Tanzania: Huber and Petrizzo
2014, Huber et al. 2017), and in the southern mid-
 latitudes (Exmouth Plateau: Petrizzo 2000). In south
Texas, the LO of M. coronata is above the HO of
H. helvetica (Frush and Eicher 1975, Lowery and
Leckie 2017).
Overall, the reliability for correlation of Margino -
truncana species needs further investigation and cali-
bration with the carbon isotope record at other locali-
ties. It is noteworthy that the appearance of margino -
truncanids predates the LO of H. helvetica in the
southern Indian Ocean (Kerguelen Plateau: Petrizzo
2001), potentially representing a valuable event for
correlating low-to-high latitude records and for ap-
proximating the C/T boundary at high latitudes, where
the more thermophilic H. helvetica is absent.
6.4.3 Misleading bioevents
1) The LO of H. praehelvetica has been recorded in
different stratigraphic intervals from below peak A to
below peak B (Fig. 9). Specimens strictly resembling
the holotype of H. praehelvetica were not identified 
at Eastbourne during this study, while we recognized
the LO of possibly primitive and poorly developed
specimens that may be phylogenetically related to this
species and here named H. cf. praehelvetica below the
beginning of the δ13C isotopic excursion (Fig. 9). The
LO of H. praehelvetica is documented in previous
works at Eastbourne (Paul et al. 1999, Keller et al.
2001, Hart et al. 2002) (Fig. 3), but the absence of fig-
ured H. praehelvetica specimens in these papers pre-
vents a comparison of the species concepts adopted.
On the other hand, the combined absence of the true
H. praehelvetica and of its descendant H. helvetica
might suggest adverse ecological conditions for both
species at Eastbourne. In other sections, this bioevent
is identified either in the R. cushmani Zone (Bottac-
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cione: Premoli Silva and Sliter 1995; Furlo: Mort et 
al. 2007; Antruiles, Dolomites: Luciani and Cobianchi
1999; Blake Nose: Huber et al. 1999; Tarfaya: Keller 
et al. 2008), at the extinction level of the rotaliporids
(Leckie 1985, Falzoni et al. 2016b), or within the  lower
W. archaeocretacea Zone (Tunisia: Robaszynski et al.
1990; Spain: Lamolda et al. 1997). These discrepancies
are likely due to the common occurrence of transitional
morphotypes between H. praehelvetica and its ances-
tor Whiteinella aprica making the identification of the
first representative of the species subjective (Huber
and Petrizzo 2014). Accordingly, the occurrence of
W. aprica is recognized from the base of the sections
and below the LO of H. praehelvetica at Tarfaya (core
S57) and in several other localities (see Leckie 1985,
Lamolda et al. 1997, Luciani and Cobianchi 1999,
Keller et al. 2008, Falzoni et al. 2016b). By contrast,
the occurrence of W. aprica is not documented in other
sections where only the higher spired W. brittonensis is
observed below and above the LO of H. praehelvetica.
A possible explanation to this contradiction is the gen-
eral rarity of W. aprica in the late Cenomanian as op-
posed to the occurrence of abundant intermediate mor-
photypes between W. aprica and W. brittonensis (as we
observed at Eastbourne and Tarfaya) that some authors
might have included in the range of variability of the
latter species. Because of the observations listed above,
we regard the LO of H. praehelvetica as an unreliable
marker for correlation.
2) Whiteinella archaeocretacea occurs from the base
(or nearly the base) of the section at Pueblo, East-
bourne, Gongzha and wadi Bahloul, while its LO is
recorded slightly below A at Pont d’Issole. Specimens
strictly resembling the holotype were not identified 
at Tarfaya and Clot Chevalier (Fig. 9). At Eastbourne,
W. archaeocretacea is extremely rare and it shows a
very discontinuous stratigraphic distribution, suggest-
ing that the identification of its lowest appearance
 level might be strongly biased by a low sampling res-
olution or by the analyses of small-sized samples. Dis-
crepancies in its LO might also be due to a subjective
species concept, because specimens having a rounded
(resembling the holotype) as well as a pinched lateral
profile (resembling the paratype) were retained to fall
in its range of variability. Pending further taxonomic
studies and because of its rarity in the assemblages, we
regard the LO of W. archaeocretacea as an unreliable
bioevent.
3) The extinctions of R. montsalvensis and Th. brot -
zeni have been identified at Gongzha well below the
δ
13C excursion. At Eastbourne Th. brotzeni disappears
in the stratigraphic interval where we observe the first
δ
13C rise, while R. montsalvensis becomes extinct
slightly above the beginning of the second δ13C rise,
both below peak A (Figs. 3 and 9). Both bioevents
have been recorded to fall in the middle R. cushmani
Zone in the Bottaccione-Contessa composite section
(Coccioni and Premoli Silva 2015), where R. montsal-
vensis and Th. brotzeni show a scattered occurrence to-
ward the top of their stratigraphic range (as well as at
Eastbourne), leading to some uncertainties regarding
the position of their extinction level. By contrast, other
studies indicate that the HO of both species falls in an
older stratigraphic interval below the appearance of
R. cushmani (Hasegawa 1999, Westermann et al.
2010). Pending further studies, we interpret the HO of
R. mont salvensis and Th. brotzeni as being controlled
by local environmental conditions and because of their
rarity toward the top of their stratigraphic distribution
we discourage using their extinction level for correla-
tion.
4) The LO of D. elata is recorded below excursion A
(Pueblo, Clot Chevalier, Eastbourne) and above excur-
sion B (wadi Bahloul and Gongzha) (Fig. 9). Remark-
ably, D. elata is identified as co-occuring with Thal-
manninella globotruncanoides in the middle Ceno-
manian of Tunisia (Kalaat Senan: Robaszynski et al.
1993), representing its oldest documented record in
the literature. Most studies identified its LO in the up-
permost R. cushmani Zone in Spain (Lamolda et al.
1997), whereas its occurrence is not recognized at
 Tarfaya and Pont d’Issole, in the Italian sections (Bot-
taccione section: Premoli Silva and Sliter 1995, Coc-
cioni and Luciani 2004, Coccioni and Premoli Silva
2015; Antruiles, Dolomites: Luciani and Cobianchi
1999; Furlo: Mort et al. 2007), at Blake Nose (Huber
et al. 1999), in Morocco (Keller et a. 2008), Switzer-
land (Westermann et al. 2010) and Japan (Hasegawa
1999). Although discrepancies in its LO might be re-
lated to the rarity of D. elata in some environmental
settings, and considering that its occurrence might not
be detected in small-sized samples and poorly resolved
biostratigraphic studies, the observations listed above
support its unreliability for correlation because of its
presumably stenotopic ecology and absence in several
localities. Discrepancies in the identification of its ap-
pearance level may also relay on different species con-
cepts.
5) The LO of D. canaliculata has been recorded to 
fall in different stratigraphic levels as follows: below
the initial δ13C positive excursion (Pueblo and East-
bourne), slightly below excursion A (Clot Chevalier),
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and above excursion C (Pont d’Issole and wadi Bah -
loul), while it is absent at Tarfaya and Gongzha (Fig. 9).
Discrepancies in its appearance level are found in other
localities: its LO is identified in the upper R. cushmani
Zone (Bottaccione-Contessa: Coccioni and Premoli
Silva 2015; Antruiles, Dolomites: Luciani and Co-
bianchi 1999; Japan: Hasegawa 1999), within the
W. archaeocretacea Zone (Blake Nose: Huber et al.
1999), and within the H. helvetica Zone (Tunisia:
Robaszynski et al. 1990). The sections in south Texas
may have experienced conditions of environmental ex-
clusion, very low abundances, and/or poor preserva-
tion that result in a much delayed LO of D. canaliculata
within or at the top of the H. helvetica Zone (Lowery
and Leckie 2017). Based on the above and on its dis-
tinctive morphology, we interpret this bioevent to be
considerably diachronous and likely subject to ecolog-
ical control.
6) The genus Anaticinella was erected to include
ecophenotypes that evolved from the typical single-
keeled rotaliporids by losing the peripheral keel and
inflating the chambers on both the umbilical and spiral
sides (Eicher 1973); this morphologic adaptation was
interpreted as forced by the expansion of the oxygen
minimum zone at the onset of OAE 2 that induced the
exploitation of sea-surface habitats by taxa that were
deep-dwellers (Wonders 1980, Leckie 1985, Desmares
et al. 2007). Two species were included in the genus
Anaticinella (=Pseudoticinella Longoria 1973): mul-
tiloculata and planoconvexa (Longoria 1973). More
recently, planoconvexa was accommodated in the
genus Rotalipora, as it was interpreted to directly
evolve from R. cushmani (Desmares et al. 2008), while
the species multiloculata belongs to the Th. greenhor-
nensis phyletic lineage, and thus has been accommo-
dated in the genus Thalmanninella (Gon zá lez-Donoso
et al. 2007, Desmares et al. 2008). Ana ti cinella species
have been largely documented in the WIS (Morrow
1934, Eicher and Worstell 1970, Eicher 1973, Leckie
1985, Keller and Pardo 2004, Caron et al. 2006, Des-
mares et al. 2007, 2008), but their occurrence is also
recorded in other low latitude localities (Eastbourne:
Keller et al. 2001; France: Grosheny et al. 2006;
Tunisia: Caron et al. 2006; Grosheny et al. 2013; Mo-
rocco: Keller et al. 2008; Tibet: Bomou et al. 2013).
Desmares et al. (2007) identified the extinction of
Th. multiloculata and R. planoconvexa at Pueblo as
 follows: a)HO Th. multiloculata slightly above excur-
sion A, and b) HO R. planoconvexa slightly above
 excursion C (Fig. 9). The HO of Th. multiloculata is
recorded below peak A at Pont d’Issole (Grosheny et
al. 2006), while the HO of Anaticinella species is
recorded above peak A at Gongzha (Bomou et al.
2013) and slightly above peak C at wadi Bahloul
(Caron et al. 2006). Morphotypes falling in the range
of variability of Th. multiloculata and R. planoconvexa
are not identified at Clot Chevalier (Falzoni et al.
2016b) and neither at Eastbourne and Tarfaya, al-
though Th. multiloculata is recognized at Eastbourne
by Keller et al. (2001). Specimens resembling R. cush-
mani but having 4 to 5 more inflated chambers and a
very weakly developed peripheral keel on the first
chambers of the last whorl occur rarely at Eastbourne
(here figured in Fig. 5, 2a–c). In our opinion and ac-
cording to Robaszynski et al. (1993), these specimens
closely resemble the original description and the draw-
ing of the holotype of Rotalipora praemontsalvensis
(Ion 1976), rather than R. planoconvexa (Longoria
1973). They also resemble specimens identified as
R. cushmani Morphotype 1 in the Tarfaya Basin and
supposed to share some morphological similarities to
the anaticinellids endemic of the WIS (Luderer and
Kuhnt 1997). However, we believe that these speci-
mens differ from the typical anaticinellids of the WIS
because of the smoother wall texture and the lower
number of chambers in the last whorl that are semi -
circular rather than subrectangular on the spiral side.
However, such specimens might have been included in
the genus Anaticinella or in the atypical R. cushmani
morphotypes by previous authors (e. g., Leckie 1985,
Caron et al. 2006, Desmares et al. 2007), especially
when observed in thin sections. Further studies are re-
quired to better assess the taxonomic status and phylet-
ic relationship among rotaliporids. On the other hand,
the geographic distribution of Th. multiloculata and of
R. planoconvexa (sensu stricto) should be further in-
vestigated and their occurrence outside the WIS should
be more robustly supported. However, the extinction of
Anaticinella species is clearly diachronous (Fig. 9).
7) The “Heterohelix” shift was first identified by
Leckie (1985), Leckie et al. (1998), and West et al.
(1998) in the WIS as an abrupt change in planktonic
foraminiferal assemblages, which became dominated
by the biserial species moremani and globulosa at that
time included in the genus Heterohelix and recently
accommodated in the genus Planoheterohelix (Haynes
et al. 2015). This change in the composition of the as-
semblages has been interpreted as an ecologic event
resulting from a period of unstable eutrophic surface
water conditions that inhibited the proliferation of the
keeled K-strategist taxa. However, no precise defini-
tion of “Heterohelix” shift was given at the time of its
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first identification in the WIS, although relative abun-
dances of biserials within this shift were on average
higher than 50% in the  63 μm size fraction. Over the
years, the term “Heterohelix” shift has been generical-
ly used to identify a major increase in the abundance
of biserial taxa across the C–T boundary interval,
without any constrains regarding the species contribut-
ing to the shift, the size fractions studied and the
threshold value of relative abundances yielded by
 biserials for defining the onset of the event. For in-
stance, the “Heterohelix” shift was sometimes recog-
nized based on thin section studies, thus including the
 63 μm population (Caron et al. 2006, Bomou et al.
2013), while biserial species other than moremani and
globulosa are documented to contribute to the “Hete -
rohelix” shift across the C–T boundary interval
(Planoheterohelix reussi: Keller et al. 2001; Laevi-
heterohelix pulchra: Caron et al. 2006; Planoheterohe-
lix paraglobulosa: this study). Moreover, the relative
abundance of biserial taxa and the size fractions stud-
ied are sometimes not specified or are different from
those reported by Leckie (1985) and Leckie et al.
(1998). While we believe that all biserial species (not
only moremani and globulosa) that increase in abun-
dance across the C–T boundary interval have to be
considered for the identification of the “Heterohelix”
shift, we underline that a more objective identification
of this event in washed residues should strictly follow
the criteria applied by Leckie (1985) and Leckie et al.
(1998) to include the relative abundance of all biserials
( 50% of the planktonic foraminiferal assemblage)
and size fraction ( 63 μm). Here we suggest to arbi-
trarily place the onset of the “Heterohelix” shift at the
lowermost sample in which biserials are equal to or ex-
ceed the 50% of the planktonic foraminiferal assem-
blage, as first described by Leckie et al. (1998). On the
other hand, this approach does not ensure an objective
identification of the “Heterohelix” shift in thin section
studies. In fact, Nederbragt and Fiorentino (1999)
demonstrated that there is a quite significant offset in
the stratigraphic position at which the onset of the
“Heterohelix” shift would be placed in Tunisia, when
identified on the  63 μm size fraction or on thin sec-
tions.
Fig. 11. SEM images of the washed residues obtained from the rock samples collected at Eastbourne showing the compo-
sition of the assemblage in the  125 μm size-fraction with dominant calcispheres and rare biserial taxa. 1)Sample WC300
(16.9 m); 2)sample WC500 (18.9 m); 3)sample WC800 (21.9 m); and 4)sample WC1300 (26.9 m). Scale bar= 200 μm.
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A different approach for defining the “Heterohelix”
shift is also applied in the sections considered in this
study. Keller et al (2001) identified the “Heterohelix”
shift near peak B based on the increase in abundance
from 20 to over 60% of the species moremani and reussi
in the  63 μm size fraction at Eastbourne. Such a
 dominance of heterohelicids could not be confirmed in
the samples examined during this study that instead
 revealed an increase in the abundance of calcispheres 
in the same stratigraphic interval (Fig. 11), as reported
by Pearce et al. (2009). By contrast, we observed a
marked increase in the abundance of biserial taxa
(species moremani, paraglobulosa, globulosa) in core
S57 (Tarfaya). The onset of the “Heterohelix” shift is
here placed according to Leckie (1985) and Leckie et al.
(1998) at the lowermost sample yielding biserials rep-
resenting more than the 50% of the assemblage in the
 63 μm size fraction and lies slightly above peak B. 
At wadi Bahloul, the “Heterohelix” shift is identified
between excursions A and B based on the marked in-
crease in the abundance of the species moremani, glo -
bulosa and of Laeviheterohelix pulchra in washed
residues ( 38 μm) and in thin  section samples, while
at Gongzha the abundance of biserial taxa increased
 below excursion A based on the observation of thin
 sections, but the species occurring in that stratigraphic
interval were not specified (Fig. 9). The “Heterohelix”
shift is not documented in the Vocontian Basin (Clot
Chevalier: Falzoni et al. 2016b, Pont d’Issole: Groshe-
ny et al. 2006), but it is recognized in the lower-middle
W. archaeocretacea Zone of other localities (Italy: Coc-
cioni and Luciani 2004; Tunisia: Nederbragt and Fio -
ren tino 1999; Morocco: Keller et al. 2008), with the
 exception of Huber et al. (1999), who identified this
bioevent in the lowermost H. helvetica Zone, thus in the
early Turonian, at Blake Nose. The increase in the abun-
dance of biserial taxa recently documented in Tanzania
(Haynes et al. 2015, Huber et al. 2017) falls well above
the extinction of H. helvetica in a much younger strati-
graphic interval assigned to the late Turonian M. sinu-
osa–H. huberi Zone. This latter event named “Biserial
shift” (Huber et al. 2017) is surely not related to the
“Heterohelix” shift of the C–T boundary interval, be-
cause of the stratigraphic gap separating the two events.
The onset of the “Heterohelix” shift across the Ceno-
manian–Turonian boundary interval is only slightly
diachronous at Pueblo and Tarfaya (Fig. 8b), neverthe-
less inconsistencies in the definition of the “Heterohe-
lix” shift applied in the literature and its close relation
to the ecologic features of sea-surface waters discour-
age its application for interbasinal correlations.
7. Conclusions
A highly-resolved biostratigraphic analysis of plank-
tonic foraminiferal assemblages at Eastbourne (UK)
and Tarfaya (Morocco), compared with the record at
the Turonian GSSP in Colorado, allowed recognition
of a sequence of bioevents that are compared to those
recorded in other sections available in the literature and
correlated to the δ13C profile. We calculated reliable
estimates of the age of most planktonic fora mini feral
events identified in the Pueblo GSSP section, including
the extinction of R. cushmani and the appearance of
H. helvetica. Results of graphic correlations and com-
parison between the sections analyzed indicate that 
the extinctions of Cenomanian taxa represent the most
reproducible sequence of bioevents at low to mid-lati-
tudes and should be considered reliable for supra-basi-
nal correlations. This sequence includes, in stratigraph-
ic order, the HOs of: (1)Th. deeckei, (2)Th. greenhor-
nensis, (3)R. cushmani, and (4)“G.” bentonensis. The
LOs of D. hagni and D. imbricata in the pre-excursion
interval may be considered as additional reliable bio-
events for correlation in case the size of samples used
for planktonic foraminiferal biostratigraphy is large
enough to ensure the identification of rare species.
Additional useful bioevents that, however, require
further investigation, because of their rare identifica-
tion in several localities or poor calibration with other
bio- and chemostratigraphic data include the LOs 
of P. oraviensis at the top of the R. cushmani Zone and
M. schneegansi, the latter being particularly promising
to approximate the C/T boundary in low latitude local-
ities. Little information is presently available to test
the synchronicity of the appearance of P. algeriana in
the mid-upper Cenomanian and of other Marginotrun-
cana species (i. e., M. sigali, M. renzi, M. coronata and
M. marianosi) in the Turonian, but these events appear
worthy of further  investigation. By contrast, the geo-
graphic and stratigraphic distribution of D. elata, and
D. canaliculata were likely ecologically driven. Incon-
sistencies in the application of different species con-
cepts by authors are difficult to assess, but they might
have introduced  additional discrepancies in the identi-
fication of their LOs. A highly transitional evolution
from the ancestral species, rarity and different species
concepts among authors can be invoked as a cause for
the diachronous LOs of H. praehelvetica and H. hel-
vetica, while W. archaeocretacea, Th. brotzeni and
R. montsalvensis occur too rarely in the stratigraphic
interval examined, so that their appearance/extinction
can be misleading to trace correlations. Finally, our
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study confirms the unreliability of the LO of H. hel-
vetica as a marker for the base of the Turonian and sug-
gests that the “Heterohelix” shift, here precisely de-
fined in order to ensure a more objective identification,
represents a response of the planktonic foraminiferal
assemblages to a local/regional increase in sea-surface
productivity, salinity, or temperatures. In addition, we
highlight that the occurrence of anaticinellids (sensu
strictu) is still poorly documented outside the WIS
and, regardless, their extinctions are clearly diachro-
nous.
To conclude, we suggest that further efforts need to
be directed toward the stabilization of the taxonomic
concepts of several planktonic foraminiferal species in
order to assure an univocal approach during biostrati-
graphic analyses. Moreover, a small sample size and/
or a low sampling resolution might significantly influ-
ence the level at which LOs and HOs are identified
even when the bioevent is geologically isochronous.
These factors should be taken in consideration when
establishing correlations. On the other hand, we em-
phasize that identification of the δ13C peaks and
troughs is not straightforward and should always be
supported by a highly-resolved sequence of bioevents.
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Taxonomic Appendix
The genus “Heterohelix” is quoted because the taxonomy of this group is currently under revision by the Meso-
zoic Planktonic Foraminiferal Working Group. Specifically, all biserial taxa occurring across the C–T boundary
interval were traditionally included in the genus Heterohelix, but more recent taxonomic studies highlighted the
occurrence of a number of different phyletic lineages, thus different genera (e. g., Georgescu 2007, Georgescu
and Huber 2009, Haynes et al. 2015). So, while we have maintained the term “Heterohelix” shift to be consistent
with previous authors, it should be noted that all biserial species occurring across the C/T boundary are presently
accommodated in other genera (e. g., Protoheterohelix, Planoheterehelix, Huberella).
List of planktonic foraminiferal species with authors and years mentioned in the text and/or in the figures.
Dicarinella canaliculata (Reuss, 1854)
Dicarinella elata Lamolda, 1977
Dicarinella hagni (Scheibnerova, 1962)
Dicarinella imbricata (Mornod, 1950)
Falsotruncana maslakovae Caron, 1981
“Globigerinelloides” bentonensis (Morrow, 1934). The genus Globigerinelloides is herein indicated in brack-
ets, as it is currently under revision by the Mesozoic Planktonic Foraminiferal Working Group; see Taxonomic
notes in Petrizzo et al. (2017).
Helvetoglobotruncana helvetica (Bolli, 1945)
Helvetoglobotruncana praehelvetica (Trujillo, 1960)
Laeviheterohelix pulchra (Brotzen, 1936)
Marginotruncana coronata (Bolli, 1945)
Marginotruncana marianosi (Douglas, 1969)
Marginotruncana renzi (Gandolfi, 1942)
Marginotruncana schneegansi (Sigal, 1952)
Marginotruncana sigali (Reichel, 1950)
Planoheterohelix globulosa (Ehrenberg, 1840)
Planoheterohelix moremani (Cushman, 1938)
Planoheterohelix paraglobulosa (Georgescu and  Huber, 2009)
Planoheterohelix reussi (Cushman, 1938)
Praeglobotruncana algeriana Caron, 1966
Praeglobotruncana oraviensis Scheibnerova, 1960
Rotalipora cushmani (Morrow, 1934)
Rotalipora montsalvensis (Mornod, 1950)
Rotalipora praemontsalvensis Ion, 1976
Rotalipora planoconvexa (Longoria, 1973)
Thalmanninella brotzeni Sigal, 1948
Thalmanninella deeckei (Franke, 1925)
Thalmanninella globotruncanoides (Sigal, 1948)
Thalmanninella greenhornensis (Morrow, 1934)
Thalmanninella multiloculata (Morrow, 1934)
Whiteinella aprica (Loeblich and Tappan, 1961)
Whiteinella archaeocretacea Pessagno, 1967
Whiteinella brittonensis (Loeblich and Tappan, 1961)
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Supplementary materials
Clot Chevalier (SE France)
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Figure A. Clot Chevalier section (Vocontian Basin, SE France): age/stage,
lithostratigraphy, planktonic foraminiferal biostratigraphy and bioevents,
δ
13Ccarb profile and chemostratigraphic events after Falzoni et al. (2016b).
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Pont d’Issole (SE France)
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Figure B. Pont d’Issole section (Vocontian Basin, SE France): the chemostratigraphic events are after Jarvis et al. (2011),
with the exception of peak C (grey with * in this figure) that is herein placed based on the definition given in the text. The
position of the C/T boundary is here estimated to fall within the interval from the estimated LO of W. devonense based on
the bio- and chemostratigraphic correlation with Eastbourne (see Jarvis et al. 2011) and the LO of H. helvetica and includes
peak C (as positioned in this study). Lithostratigraphy is according to Jarvis et al. (2011). Planktonic foraminiferal biostratig-
raphy and bioevents are from Grosheny et al. (2006). The δ13Ccarb profiles are from Grosheny et al. (2006) and Jarvis et al.
(2011).
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wadi Bahloul (Tunisia)
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Figure C. Wadi Bahloul section (Tunisia): age/stage, lithostratigraphy, ammonite zonation, planktonic foraminiferal bios-
tratigraphy and bioevents, δ13Ccarb profile and chemostratigraphic events (I, II, and III) from Caron et al. (2006). A, B, and
C peaks are here placed according to the definition provided in this study.
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Figure D. Gongzha section (Tibet): formations, planktonic foraminiferal biostratigraphy and bioevents, δ13Ccarb profile and
chemostratigraphic events from Bomou et al. (2013). The position of the C/T boundary is here estimated to fall within the
interval from peak C and the LO of H. helvetica.
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